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I. INTRODUCTION 

In an experiment presently being conducted at the Fermi National 

Accelerator Laboratory (FERMILAB), we are studying the coherent, low four- 

momentum transfer interaction of high energy protons with a deuterium gas 
jet target, 

p+d+X+d (1) 

Both processes, elastic scattering and diffraction dissociation of the 

incoming beam proton, are being investigated by detection of the recoil 

deuteron. In this report, we present results on part of our data for 

incident proton energies from 50 to 400 GeV in the four-momentum transfer 

squared range 0.03 < Iti $ 0.12 (GeV/c)* and for mx2 ; 35 (GeV/c')*. 

The interest in p-d elastic scattering is in probing the proton- 

neutron interaction. In addition, the elastic scattering data are used to 

extract the deuteron form factor squared, Fd(t), which is essential in the 

analysis of the t distribution of the inelastic interactions. 

In the process of diffraction dissociation, protons are excited co- 

herently (no internal quantum number exchange) into high mass states. Dne 

is interested here in the invariant differential cross section 

s d% 

dmx2dt 
= f (s,mx*,t) 

over as wide a range in the variables s and m2 
X 

as possible. The exci- 

tation of a proton of mass m 
P 

into a state of mass m 
X 

requires a minimum 

four-momentum transfer to the deuteron of 
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ltizn = s ' md 
mx2 -m ' 

(3) 

For coherent excitation, the condition is' 

!tll'* <m mins * (4) 

where mTI is the mass of the pion. Thus, as s increases, the proton 

can be excited coherently into states of higher and higher mass. In terms 

of the Feynman scaling variable x, defined as p,, /pmax of the deuteron 

in the c.m. system, the square of the "missing" mass is given in our case 

by 

mx2 e mpz + s(l-x) (5) 

and the coherence condition (4) can be written as 

(l-x) m d zmn 

With deuterons as target particles, s is given by 

5 = 2md p, 

(6) 

(7) 

where p 
0 

is the momentum of the incident proton. From (5), (6), and (7) 

one sees that mass-squared values as high as mx2 = m ' + 2rnnpo , or 

~110 (GeV/c')* for p, = 

P 

400 GeV/c, are allowed by the coherence condition. 
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There is, of course, interest in the inclusive process (1) for even higher 

values of mx', even if coherence were to break down. We are presently 
2 

analyzing data where mx2 reaches ,150 (GeV/c*) , but in this report we 

present results only for mx2 ; 35 (GeV/c')'. The results we present here 

(x 2 0.97) are well within the coherence region. 

To facilitate comparison of our inelastic data on p + d + X + d with 

existing data on p + p + X + p wa divide our cross sections at a given 

t-value by the deuteron form factor squared Fd(t). For this purpose, we 

use the function 

2 
e~bFt + CFt2 (8) 

with2 bF = 25.9 (rl.2) (GeV/c)-2 and cF = 60 (+5) (GeV/c)-4 . Our 

elastic scattering data agree with these values but, at this point in time, 

the t-range of the analyzed data is small and our fits are not very 

sensitive to the value of cF 

II. THE EXPERIMENT 

The experiment is carried out using a deuterium gas jet target3 inside 

the main ring of the NAL accelerator. The jet is pulsed to intercept the 

beam at predetermined times during the acceleration cycle, thus selecting 

the desired beam energies. Deuterons recoiling at large angles to the beam 

direction, 45' < Bd < go', are detected by an array of solid state detectors. 

The recoil kinematics are particularly suited for the study of low t 

interactions of the incident protons. The four-momentum transfer is obtained 
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directly from a measurement of the kinetic energy T of the recoil 

deuteron, 

It/=2mdT . 

The mass of the "missing" particle X --reaction (')--can be computed from 

Itl and the angle 0 of the deuteron with respect to the direction of the 

mx2 * mp2 t 2p, qq Los 8 -(pop; "d)gLa] 

For elastic scattering, mx2 = mp2, we have 

cos Be’ pp; ““)gy 
(11) 

It is important to note that for po>>md, which is the case in this experi- 

ment, eq. (11) is nearly independent of the beam momentum. Thus, a single 

arrangement of detectors can be used to obtain elastic scattering data at 

any given beam momentum during the acceleration cycle of the machine. This 

is very useful, since our main interest is in the study of the variation of 

the elastic scattering parameters with energy. For inelastic scattering, 

combining of eqs. (5) and (10) yields 

x - 1 - y bos 0 -(pop+ "d)$j 
0 

(12) 

which is also approximately independent of the beam momentum. 



A schematic drab+ing of the apparatus is shown in Figure 1. The 

detectors are mounted on a carriaq e which can be moved to different angles 

\Yith respect to the beam direction. Data are taken with the carriage at 

various angular positions and are normalized by the elastically scattered 

counts in one detector which is always kept in a fixed position. Each 

detector consists of a stack of two solid state counters. The first 

counter is typically O.&n thick and the second 1.5mm to 5mm thick. From 

pulse height measurements we determine the energies in MeV, T1 and T2, 

deposited by a particle in each counter of a stack. The mass of a particle 

stopping in the second counter is given by the empirical formula 

m = mp IzI[(TI+T2)' - TzB]l "(D-l) (13) 

where a = 0.0133, $ = 1.73, and dl is the thickness of the first counter 

in mm. A typical mass plot for particles registered by a stack during an 

actual run with a deuterium jet target is shown in Figure 2. The deuterons 

can be easily separated out. The protons come from break-up of the target 

deuteron and from general room background. The low mass events are mainly 

due to particles that penetrate both counters of the stack. The solid 

state counters are calibrated with an a source of 5.8 MeV. 

III. DATA ANALYSIS 

The recoil deuteron events are separated out and histogramed against 

their total energy, T = TI+T2. Figure 3 shows three such histograms for 

three different incident proton momenta. The large peak in each histogram 
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is due to elastically scattered deuterons that stop in the stack. The 

counts at reccil energies smaller than that of the elastic peak are 

mainly due to inelastic scattering. In the 50 GeV/c data, the elastic 

peaks are largely free of inelastics and the small background of .$ 1% 

(Fig. 3a) is due to recoils from residual deuterium gas in the beam pipe. 

To extract the elastic counts, this background is removed by interpolation 

under the peak. As the beam momentum increases, the inelastics move 

closer to the elastic peak as expected from eq. (10) and seen in Figures 

3b and 3c. The extraction of the elastic counts at these higher beam 

energies is accomplished with the help of the knowledge of the shape of 

the elastic peaks obtained from the 50 GeV/c data. The inelastic counts 

AN in a given interval At are then reduced to differential cross 

sections using the formula 

d*o = 

dmx2dt 

L Jfixed 
detector 

where N,, is the number of elastic deuteron recoils registered by the 

fixed detector bonitor) during the run, and (do/dR)el is the elastic 

scattering differential cross section at the angular position of the fixed 

detector. This cross section is calculated with the formula 

PO 2mdm =-- 
po+md TT 
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where the term in the brackets is the optical point, gje, i _ 't = 0). we 

have used the values of b measured in this experiment, and fixed 

c = 60 (GeV/c)-4 obtained from Ref. (C), and used the total p-d cross 

sections measured in a recent experiment4 at FERMILAB in the range 

50 < p, < 200 GeV/c. For p, > 200 GeV/c, we have assumed that the total 

p-d cross section rises with energy by the same proportion as the total 

p-p cross section5. For ppd. the ratio of the real to the imaginary 

part of the forward scattering amplitude, we used the value6 p = 0.17 at 

p, = 50 GeV/c and we set p = 0 at our higher beam energies. 

IV. ELASTIC SCATTERING 

The elastic scattering differential cross sections extracted from our 

data in the interval 0.05 ; jt! ; 0.12 (GeV/c)2 were fitted by the 

function 

(1’5) 

Due to the small t-range of our present data, the fits are not very sensitive 

to the parameter c. On the other hand, the values of b(s) obtained are 

correlated to c. Since c is not expected to have a strong energy depen- 

dence within our t-range, we fitted our data keeping c fixed at the value 

of2 60 (GeV/c)-4 and we obtained b(s) at eight different s-values. 

Figure 4 shows the elastic differential cross section as a function of t 

for two different beam momenta, 50 GeV/c and 385 GeV/c. The curves have 

been normalized to the same value at t = 0 in order to display the 
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shrinkage of the elastic peak with increasing energy. In Figure 5 we 

plot the parameters b(s) as a function of Ins. The solid line is a 

fit to the form 

b(s) = boPd + 2 aPd 2~s (17) 

We find boPd = 35.721.1 (GeV/c)-2 and 2atpd = 0.7320.17 (GeV/c)-2 

as compared to the values for p-p scattering3 of boPP = 8.2320.27 and 

2a' 
PP 

= 0.55tO.048 (GeV/c)-'. 

Within the experimental errors, the shrinkage of the diffraction peak 

in p-d elastic scattering is the same as that in p-p scattering. The 

Glauber corrections have a very small effect on a' , < 2%. We therefore 

conclude that,within errors, the parameter a' 
pn 

for p-n scattering is 

the same as alpp for p-p scattering. Assuming that bopp = boPn, we 

calculate that b. pd = b PP 
0 

+ bF(of eq. 8) + %1.5 (Glauber correction) 

= 35.6 (GeV/c)-2, in good agreement with dur value of 35.7+1.1. Thus, 

our results are consistent with the form factor of eq. (8) as determined 

at lower energies 2 
. 



9. 

V. DIFFRACTION DISSOCI.~TION -- 

Our data on inelastic proton-deuteron scattering are in the range 

0.03 < It/ ; 0.12 (GeV/c)', 190 c s < 1450 GeV*, and (1-mp2/s)~x;0.97. 

Our results, divided by the deuteron form factor given by eq. (8), are 

presented in Figures 6 through 12. The "missing" mass resolution is 

limited by the uncertainty in the measurement of the angle 9 of the 

recoil deuteron, Aa =?2.7 mrad, and is given by 

m ' = 2p. m A9 
X 08) 

which has values between Am x2(po = 50,jtI = 0.03) = kO.05 and 

~x2(Po = 400, ItI = 0.12) = to.75 (GeV/c2)'. The incident proton momentum 

is measured to k1.5 GeV/c using the accelerator magnet ramp, but the 

spread in momentum for the data we present here is about +5 GeV/c contribu- 

ting to the mass width an amount Amx2/mx2 = Ap,/P, which is about +lO% 

in the worst case of PO = 50 GeV/c. 

Our results show the following features: 

1. Energy Dependence - 

Our cross sections are consistent with energy independence to 

within %lO% over our entire missing mass range within x 2 0.97. However, 

the 50 GeV/c data do seem consistently higher. We are presently investiga- 

ting the possibility of an energy dependence <10X. 

2. Low Mass Spectrum and Factorization - 

The low mass spectrum, mx2 $, 6 (GeV/c')', is dominated by a large 
2 

peak at mx ' = 1.8 (GeV/c') In Figure 6, we compare our results for 
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p t d -+ x + d at a fixed t interval, '3.03 < It/ < 0.04 (GeV/c)', 

with similar results7 for p f p -f x + p. Within the experimental 

uncertainties of %220%, the two results are the same, consistent with 

factorization of the inelastic vertex in these two reactions. 

3. High Mass Spectrum - 

in Figure 7, we present cross section values multiplied by mx2 

as a function of mx2 in the interval 0.03~ ItI < 0.04 (GeV/c)* for 

various beam energies. We observe that, for mx2 2 6 (GeV/c2)2, within 

our errors the points lie on a horizontal line, indicating a l/mx2 

behavior for the cross sections. The same behavior is observed for other 

t values in this mass region. These results are consistent with triple 

pomeron8 dominance in the diffraction dissociation process 

4. Slope Parameter - 

The data at fixed mx2 were fitted by the function 

(19) 

in the interval 0.03 < ItI 2 0.12 (GeV/c)'. The fits were generally good 

and yielded positive values for the slope parameter b(mx2). A typical 

differential cross section dd/dt is shown in Figure 8. Our results for 

b(mx') as a function of mxz are presented in Figure 9. The slope 

parameters appear to be energy independent. As a function of mx2, they 

decrease rapidly from the value of ~18 (GeV/c)-' at mx 2 % 1.8 (GeV/c't 
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to become constant, within errors, at the approximate value of%5.5 (GeV/c)-2 

for mx* ; 6 (GeV/cZ)2. 

5. Integral over t - 

In addition to yielding the slopes, the fits of the data by eq. (19) 

also yielded the differential cross section values at t = 0. These are 

presented in Figure 10 multiplied by mx'. Comparing with Figure 7, we 

notice that while the l/mx' dependence still holds for the high mass region, 

the low mass peak is sharper at t = 0. Comparison with Figure 9 shows that 

the slopes b(mx') are proportional to the values of the cross sections at 

t = 0 multiplied by mx'. Thus, the integral of the differential cross 

section over t multiplied by mx* seems to be a constant independent of 

s and mx* for all mass values in our interval of x z 0.97. This is 

displayed in Figure 11. The diffraction dissociation cross section may 

then be written as 

d’o = A(mx2,s) ,,(m 2) e-bhx2)s/tl 
dmx'dt mx2 ' 

and the integral of this cross section over t as 

do= 
A(mx2.s) 

dmxz mx* 

(20) 

(21) 

where A(mx2, s)is approximately constant and equal to ~0.7 mb. In terms of 

the Feynman scaling variable x, eq. (21) takes the form 
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do A 
5 = 

mi l-x+ s 

(22) 

which suggest the plot of Qn(dn/dx) versus fin(l-x) shown in Figure 12. 

FGr each energy, the cross section do!dx is seen to drop rapidly as 

(l-x) becomes smaller than mp2/s. Otherwise, all points lie approximately 

on the same straight line, in agreement with eq. (22). 
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FIGURE CAPTIONS 

Figure 1 - Schematic drawing of the experimental arrangement. 

Figure 2 - Mass of particles registered in a detector stack. 

Figure 3 - Kinetic energy of recoil deuterons registered by a detector 

stack at fixed angle for various incident proton momenta. 

Figure. 4 - Elastic scattering differential cross section du/dt for 

two different beam energies (a) 50 GeV/c and (b) 385 GeV/c. 

The curves have been normalized to the same arbitrary number 

at t = 0. 

Figure 5 - The slope parameter b(s) of elastic p-d scattering. Note 

that for p-p scattering, ’ = 2mppLAB . 

Figure 6 - Low mass region cross sections compared to proton-proton data. 

Figure 7 - The missing mass spectrum for 0.03 < t < 0.04 (GeV/c)*. 

Figure 8 - Differential cross section du/dt for mx' = 10 (GeV/c2)'. 

Figure 9 - The slope parameter b(mx2) of inelastic p-d scattering. 

Figure 10 - The missing mass spectrum at t = 0. 

Figure 11 - The integral of the inelastic cross section over t. 

Figure 12 - The Feynman variable x distribution. 
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Fig. 7 

- 

cu 

- -w 
z 

gogg -Ncum 
x 0 Dclo r 

t 

I43 
CM 
KH 
HH 
HH 

an 
Duo 
DQll 

801 

BrJ 

@P 

dsD 

% 

I 
0 - 

& 
I 

lo 

-#//\w) *cl* 

3 -0 

N - s ‘u” 
3 
c? 
i cux E 

0 



Fig. 8 
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Fig. II 
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Fig. 12 
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